A mathematical model was developed to study shape evolution of trenches during plasma-assisted etching. A tworegion sheath model was used to determine the effect of local potential distribution on ion deflection and on the ion flux and energy distribution along the walls of the trench. The potential field in the near-trench region was found by using the boundary integral method which, coupled with a moving boundary scheme, allowed the time evolution of etch profiles to be computed. The effect of important variables affecting ion deflection and sidewall etching was combined in a dimensionless group f~. For values ofO <~ 0.1 and for positive mask potentials, less than 10% of the bombarding ion flux struck the sidewall of a rectangular trench. Ion deflection and ion-neutral collisions resulted in sidewall "bowing" and in decreasing etch rate as a function of trench depth. Such phenomena are especially important in applications which require the etching of deep trenches.
Attainment of anisotropy is an important driving force behind implementation of plasma-assisted etching techniques in semiconductor processing. Anisotropy is prorooted when ions gain directionality from the plasma sheath electric field and are accelerated toward the etch feature, thus enhancing the vertical etch rate by preferential bombardment of the bottom surface. We call this "ionassisted etching." On the other hand, isotropic etching, which leads to undercutting, is commonly associated with the presence of neutral etchant species which, lacking directionality in motion, etch both the sidewalls as well as the bottom of the feature. We call this "chemical etching." The degree of etch anisotropy is thus often said to depend upon the relative importance of i0n-assisted etching as compared to chemical etching.
However, sidewall etching can occur even in the absence of chemical etching because of distortion of the electric field in the vicinity of the feature owing to its topography and state of surface charge. Such distortion serves to deflect on-coming ions toward the sidewalls and thus affect adversely the desired anisotropy. The purpose of this investigation was to consider theoretically the phenomenon of ion deflection, particularly in the creation of deep trenches where significant shape evolution occurs during the course of etching.
Deep silicon trenches are used as trench capacitors in high density MOS-DRAM cells and for isolation in high speed bipolar devices (I). High aspect ratio grooves are of importance in trilevel resist processing (2) , in a variety of device applications (3) , and in advanced three-dimensional integrated circuits. Nanometer-scale high-aspect-ratio trenches may be useful in the fabrication of novel electronic and optoelectronic devices (4) . The above applications demand high etch rate while placing severe requirements on the trench wall profile and on wall surface quality. For example, bottle-shaped wall profiles in silicon trenches are unacceptable for subsequent dielectric refilling because such shapes are prone to void formation and device failure. It is therefore worthwhile to investigate phenomena affecting the shape of wall profiles in deep trenches and how this shape evolves during etching.
Ion deflection recently has been suggested as the explanation for observations in a variety of situations. Chin et al. (5) observed "bottle-shaped" wall profiles in dee~p trenches created by reactive ion etching in polysilicon with use of SiQ masks. Sidewall "bow" formation was more pronounced for higher aspect ratio trenches, and the etch rate was observed to decrease with increasing trench depth. The authors attributed the observed phenomena to ion deflection due to locally nonuniform electric fields. Bruce and Reinberg (6) investigated the effect of a positive dc bias applied to the RF-driven electrode during CIJSi etching. The effect of bias, which dramatically affected *Electrochemical Society Active Member. ~Present address: Chemical Engineering Department, University of Houston, Houston, Texas 77004. etch rate and etch profiles, was attributed to charging of the insulator mask and thus to establishment of local electric fields which deflected oncoming ions toward the exposed silicon surface. Similar effects were also observed by Fung et at. (7) in the Si/SF~ system. In another situation, G0kan et al. (8) observed curved sidewalls in photoresist trenches made during oxygen reactive ion beam etching; by increasing the ion bombardment energy, vertical sidewalls were obtained under otherwise identical conditions. Sidewall "bow" formation was also observed by Pogge et al. (9) in etching high aspect ratio silicon grooves in a C1JAr plasma. Ukai and Hanazawa (10) observed a patternwidth dependence of the degree of lateral etching and attributed it to the sheath electric field distortion by the surface topography, resulting in deflection of incident ions. The potential distribution on dielectric films exposed to charged particle beams has been investigated both experimentally and theoretically (11) (12) (13) (14) .
Thus it appears that the ion deflection phenomenon influences behavior in many systems, especially when etching deep trenches or when conditions favor dielectric mask charging. However, no quantitative analysis is available to clarify general conditions under which the phenomenon is important or to define scaling parameters which might guide the design of etching systems.
Theoretical simulation of shape evolution of etching features has been carried out for a number of processes including reactive ion etching (15) , ion milling, sputtering (16) , and plasma etching (17) . These studies have led to the "string model" algorithm, a welcome semi-empirical tool for evaluating shape evolution processes. However, some fundamental physical phenomena are not considered explicitly, including potential field phenomena.
The purpose of this investigation was to develop improved methods for calculating the shape evolution of etching trenches based upon the fundamental physical and chemical principles of the phenomena involved.
Theoretical
An analysis of shape evolution requires detailed evaluation of potential field phenomena, mask charging, gasphase ion scattering, and surface reaction processes. The theoretical model described below computes the drift velocity of ions transported through the sheath, determines the potential field near the etch site and along the mask surface, determines the trajectory of ionic species in the trench region, and expresses the surface reaction rate as a function of the local ion flux, ion bombardment energy, and concentration of reactive neutral species. In order to track the shape evolution of a trench, the boundary integral method and a moving boundary scheme were employed in a time-sequence of numerical calculations.
Because rigorous calculations are cumbersome and often not essential for clarifying the main features of behavior, a number of simplifications have been introduced.
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These are justified in the text below where they are introduced.
Dielectric mask charging.--Charging of a dielectric mask near the feature to be etched is considered first since the potential distribution along the mask will affect the electric field in the near4rench region. Figure 1 illustrates a masking layer on a grounded substrate. The system is irradiated by a uniform current flux I~ which is constant, independent of the potential of the surface. (This implies that surface potential buildup is small compared to the energy of the incident beam.) In view of the low ion energies commonly encountered (~ 100 eV), secondary electron emission is neglected. If the mask potential is positive, any secondaries will be attracted back to the mask. Current can flow from the mask to the substrate by bulk conduction Ib or by surface conduction I~. By assuming a thin mask (h << l) so that a one dimensional model is applicable, the charge balance equation reads sulting in zero net current to the surface at the completion of the cycle. Since the time scale of the typical 13.56 MHz frequency is tf = 73.7 ns << to, charge leakage by surface conduction can be neglected on time scale t~. Under such conditions, the second term on the right-hand side of Eq. [4] can also be neglected, i.e., all current through the mask is displacement current and the/nask acts as a simple capacitor. The simplified form of Eq. [4] [6] Equation [6] implies that the surface potential is spatially uniform to the extent that I~ is. In order to estimate the maximum potential the mask will attain in this case, it may be assumed that I~ is a positive ion current flowing for the whole period of the RF cycle. Then
The left-hand side of Eq.
[1] describes charge accumulation. The second term on the right-hand side of Eq.
[1] is conduction current through the bulk. The third term describes surface conduction of current. The charge density is found from Gauss' law
Under conditions typical of plasma etching applications, bulk conduction can be neglected as compared to surface conduction. Then, combining Eq. [1] and [2] , and introducing the dimensionless variables
For typical parameter values one finds Vma x = 0.1V. Charging will be more important at lower frequency. For example, the corresponding figure atf = 100 kHz is Vm~ = 10V.
However, the situation is different when an external bias voltage is dc coupled to the electrode. For example, if the wafer is resting on the grounded electrode and a positive dc bias is applied to the RF electrode in a diode reactor, a net positive charge will flow towards the wafer. In this case net charge flow takes place over times long compared to to. Therefore, the full Eq. [4] must be used. Taking a constant time-average value of I~ for simplicity, one obtains the solution of Eq. [4] as (19) yields
=l' ~=~o; to-h~s
where Vo is a reference potential. The boundary conditions are taken as
Parameter to is the time scale for charge "leakage" to the substrate by surface conduction. For typical parameter values (CVD SIO2, % = 5 • 10 -5 mho (18), h = 10 -2 cm, t = 10 -4 cm) one finds to ~ 0.1s. In an RF plasma reactor, Ii will be a function of time. In a capacitively coupled reactor with no direct connection to ground, the sheath potential is such that Ii is a positive ion current over most of an RF cycle. Electron current flows only for a very small fraction of the cycle so as to neutralize the positive ion current, re-
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The steady-state potential distribution is found from Eq.
[8] by letting ~ -> ~. The result is a quadratic distribution
A quadratic potential distribution was experimentally obtained by Yoehizawa et al. (20) on the surface of a SiQ film bombarded by positive ions during ion implantation.
The two-region sheath model and potential distribution in the near-trench region.--A two-dimensional etching trench model is now considered (21) . Surface features are shown in Fig. 2 to be separated from the plasma by the s]heath. Ions formed in the plasma drift to the plasmasheath interface and enter the sheath where they gain energy from the electric field force. In regions some distance from the surface, the field lines are not affected by the surface topography and are thus normal to the macroscopic surface, i.e., the potential distribution is one dimensional. However, in the vicinity of the features, the field lines are distorted and the potential distribution is two dimensional. The distortion of the field lines gives rise to lateral field components that can affect the trajectory of oncoming ions. In principle, the electric field attains an infinitely large value at the sharp corner of the mask. In order to decouple the effect of collisions from the two dimensionality of the electric field, the sheath is divided into two subregions as shown in Fig. 2 (not drawn to scaie): (a)
Fig. 2. Surface features and division of sheath into two regions. (not drown to scale).
Region I some distance from the surface where the potential field is one dimensional and where ions can experience collisions; and (b) a collision-free Region II near the surface where the potential field is two dimensional owing to the surface topography. For typical trench dimensions, Region II is expected to be ~<10 Fin thick. Typical sheaths in RF discharges are a few mm thick. Hence the thickness of Region I is about equal to the sheath thickness. No rigorous procedure was applied for determining the exact thickness of Region II. An approximate procedure was used instead, in which the Region I/II interface was moved far enough from the features so that the potential distribution became essentially one dimensional beyond the interface towards Region I. Such "adjustment" will not affect results in Region I. Nor should Region II be affected provided that the correct boundary condition for the potential is used at the I/If interface.
In Region I ions are accelerated by the one dimensional electric field and collide with neutral species. The ion drift velocity in Region I may be obtained by solving an equivalent de model of the RF sheath as described elsewhere (22), by considering
Poisson's equation for the potential distribution coupled to the ion motion and current continuity equations. Figure 3 depicts an ion at the interface between Regions I and II, and indicates that such an ion has a velocity which includes a directional (drift) component Uo as well as a random component u r arising from collisions the ion suffered in Region I. In the present work, no attempt was made to compute the angular distribution of ions arriving at the interface of Regions I and If. Instead it was assumed that the random velocity component Ur has a value which is a small fraction of uo. Now consider events in Region II. The plasma is weakly ionized and a typical ion density in the bulk plasma is about 101~ ions/cm 3. Close to the solid surface the ion density falls by about an order of magnitude. Hence there will be for each ion a residence volume of about 103 Fm 3, corresponding to a cube of i0 Fm side. Since the thickness of Region II is typically less than i0 ~tm, Region II can thus be considered to be essentially devoid of other charged species except for the ion of interest. Therefore the potential distribution in the trench region can be computed by using the Laplace equation. Furthermore, the ionic mean free path is typically larger than 50 ~m. Hence Region II is collision-free as well, although the possibility exists of collisiOns with species coming off the surface in a deep trench.
By referring to Fig. 3 and 4, Laplaee's equation reads
Oy 2 ----" Computational Domain [13b], (~o is the mask potential at the symmetry plane. A constant mask potential (independent of position on the mask) would be applicable, for example, for a metal mask or for a dielectric mask at high frequencies with no dc bias applied. A quadratic distribution of mask potential would be applicable for a dielectric mask when net current flows to the mask. Equation [11] was nondimensionalized by defining
O X 2 O y 2 dO = 1 on S1, --= 0 on $2 and Sa, OX op = ~" on $4, and q5 = 0on $6 [16] '1 distance of travel of say 5 ~m, will be 0.5-5 eV. For ions entering with a kinetic energy of say 50 eV, and for a trench aspect ratio of 3, ~ will be in the range of 0.1-1.0. However, for shallow trenches, e.g. aspect ratio of 1, fi will be in the range of 0.01-0.1. [21] Equation [21] implies that the ion-assisted etching is proportional to the power deposited on the surface by the bombarding ions. The total etch rate was then taken as Rt = knC + k+I.e+ [22] The form of Eq. [22] is only tentative and has been discussed elsewhere (23) . If knowledge of rate processes is available for specific systems, the appropriate equations could be used in place of Eq. [21] and/or [22] .
The case of an excessive mask undercut (shown in Fig. 4 as surface $5) would invalidate the present analysis. More specifically, the overhanging part of the mask would attain a higher potential since there is no convenient way for current to leak to the substrate. However, etching of deep trenches requires conditions under which ion-assisted processes dominate, in which case etching directly under the mask will be minimal. Because of their momentum, ions do not necessarily follow the bent electric field lines in the near-trench region. The degree of ion "deflection" will depend on fk The higher the value of f~, the more important ion deflection will be. Thus one expects more sidewall etching for trenches with high aspect ratio (5), and less sidewall etching as ion kinetic energy increases (8) . As an example, for electric fields of the order of 103-104 V/cm close to the trench, the energy imparted to an ion by the field over a
The boundary integral method.--Finite element and boundary integral methods have been found to be particularly amenable to prediction of shape evolution phenomena since, in these methods, piecewise polynomials are used to conform to boundaries of arbitrary shape (24) . The boundary integral method (BIM) has the additional advantage of reducing the problem dimensionality. For example, a two dimensional problem becomes reduced to a form involving quantities only on the boundary of the two dimensional domain. In contrast, the finite element method (FEM) would require discretization of the entire domain. However, the BIM has the disadvantage of restricted applicability; in general, the BIM cannot be applied to problems governed by nonlinear equations. Another disadvantage of the BIM as compared to the FEM or even the finite difference method (FDM), is that BIM creates a matrix which is full and asymmetric whereas FEM and FDM generate banded matrices. Nevertheless, boundary element methods are well suited for solving Laplace's equation in arbitrary domains. The solution for the potential at any point of the domain can be obtained as an integral.involving the values of the potential and its derivative on the domain boundary only. Approximations are in= troduced in trying to evaluate the boundary integral numerically. The boundary element method was used in this work to solve Laplace's equation in the deforming domain of an etching trench.
Method of solution.--
The moving boundary problem of tracking the shape evolution of a miocroscopic etching feature was solved in a stepwise manner. The computational domain is shown in Fig. 4 where, owing to symmetry, only half of Region II was considered. At each time step, Laplace's equation was solved for given boundary conditions to find the electric field distribution in the neartrench region. The domain boundary was discretized by using linear elements. The element length was smaller around the corner of the mask where larger potential gradients are expected. In all moving boundary calculations, lengths were nondimensionalized with respect to the trench mouth half-width, which was taken as having unit length. Linear interpolating functions were also used for the potential and its derivative. Potential distribution calculations using the BIM agreed with independent calculations using the FEM. After having found the electric field
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distribution, the trajectory of ions injected at the interface between Regions I and II was computed by using Eq. [17] . Initial values for ion position along the interface and ion velocity components were specified, and Eq. [17] were integrated by a Runge-Kutta method. Trajectory calculations were performed for a number of ions uniformly distributed along plane $I. The distance between adjacent ions was typically 0.001 dimensionless units. The above procedure was thought to be a simulation of a uniform ion flux entering the trench region. Calculations of an ion trajectory stopped when the ion hit either the mask or the etching film. Both the mask and the film were regarded as perfectly absorbing surfaces, i.e., ion reflection was not considered. The symmetry planes were regarded as perfect ion reflectors. The mask was assumed nonerodible so that ions hitting the mask did not have to be further considered. Having found the point and energy upon impact on the surface of each and every ion, the number of ions (and their energies) that struck a given element along the discretized moving boundary was determined. The ionenhanced etch rate for each element was then found by
where the summation term describes the total energy deposited by ions which struck element j. Division by Nt in Eq. [23] ensures that the calculated etch rate is independent of the total number of ions used. Furthermore, division by the element length Lj is required to express the etch rate in terms of unit area. In this manner the distribution of the ion-enhanced component of etching along the moving boundary was found, Another method to calculate the ion flux distribution on the etching surface is to find A sequence of such steps was carried out in order to track the shape evolution of the etching trench. Control over element size was exercised to avoid errors and instabilities of the moving boundary scheme. If elements were too small they would receive a statistically inadequate number of ions resulting in error in the computed element etch rate. On the other hand, large elements would degrade the accuracy of the potential distribution. To avoid such problems, the nodes of an element whose length was smaller than a preset value were merged into one node, or a midpoint node was inserted into an element whose length was larger than a predetermined size. The time step size for boundary displacement was determined by the etch rate. Faster etch rates required smaller time steps to avoid error accumulation and/or instabilities, Even when precautions were taken, however, instabilities would still occur for some combinations of parameters. Such instabilities were manifested as "spikes" or "ripples," especially on the floor of the trench. Smoothing was applied along the bottom part of the trench by using a cubic spline with variable degree of smoothing capability to ensure that any physically significant features of the surface shape were not arbitrarily suppressed.
Calculations in which potential field effects were disregarded required, under typical conditions (e.g., Fig. 6 ), about 80s of CPU time on the CDC Cyber 175 machine. When potential field effects were included, each surface contour (such as shown in Fig. 10 ) required typically 10-35 rain (depending on trench depth) of CPU time on the same machine. 
Results and Discussion
Shape evolution in the absence of potential field effects.~he limiting case of no potential field effects on the ion motion in Region II was investigated to test the performance of the computer code, especially the moving boundary computational scheme. Such a situation may be encountered when etching, for example, shallow features at high frequencies without any dc bias applied. Under these conditions ion deflection effects ark expected to be minimal. Figure 5 shows the time evolution of a feature under combined chemical and ion-assisted etching. In this case the assigned degree of anisotropy was equal to 0.75, i.e., ion-assisted etching was three times faster than chemical etching. The uniform ion flux irradiating the surface was assumed to impinge along the vertical. Hence, ion-assisted etching for elements "shadowed" by the mask was set equal to zero. In accordance with expectations, at any time during etching, the extent of mask undercut is equal to one quarter of the etched depth. Many practical systems fall in this category in which some mask undercut is inevitable. An important goal of plasma reactor design is to minimize or eliminate such mask undercut.
The case of ions arriving with a lateral velocity component may be encountered in etching reactors in which the sheath thickness is greater than the ion mean-freepath. Ions will then suffer collisions with neutrals partly randomizing the ion motion. Figure 6 steady-state potential profile depends on the square of the distance from the mask edge (Eq. [10] ) and is attained after a few time constants to. Owing to symmetry, the curves cross the axis x = 1, at right angles. At any time, the maximum potential occurs at the centerline. The edge potential (x = 0) is always zero, since the mask was assumed to be thin compared to its width and in good contact with the underlying substrate held at ground potential. The maximum steady-state potential depends on the level of the incident ion flux and the surface conductivity of the mask (Eq. [9] ). High ion currents tend to increase the potential while high surface conductivity acts in the opposite direction. Figure 8 shows the potential distribution in a 5:1 trench for the case of infinitely small mask thickness and a positive mask potential varying quadratically with distance from the corner (Eq. [13b] ). The maximum mask potential at the right symmetry plane was set equal to 0.5 (normal- x-velocity component was chosen randomly. Only ionassisted etching was assumed to occur.
Certain features of the profiles in Fig. 6 are worth noting. First, one observes a widening of the trench owing to ions impinging on the sidewalls. The maximum widening seen in Fig. 6 is 30% of the trench mouth half-width and would further increase if etching was allowed to continue for longer times. Second, the etch rate diminishes as the trench deepens 9 This is not surprising considering the fact that the entering ion flux remains constant and a larger fraction of the ions are striking the sidewalls as the trench becomes deeper. If the ion-velocity were entirely along the vertical, such ions would have been available for etching the bottom of the trench. The etch rate is higher near the symmetry axis because that portion of the trench surface is exposed to a larger ion flux. Finally, no mask undercut is observed, since chemical etching was not allowed to exist and ions cannot strike the surface directly under the mask.
Potential distribution in the near-trench region and ion deflection effects.--The potential distribution on a dielectric mask subjected to a uniform ion flux at time zero is described by Eq. [8] , the solution of which is shown in Fig. 7 . Note that the plot has been displaced by one unit on the x-axis as compared to the coordinate system of Fig. 1 . The 
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ized with respect to the potential of the upper plane). The electric field right above the mask is such that positive ions experience a lateral force to the left which could redirect oncoming ions toward the trench opening. However, after entering the trench, ions are attracted toward the sidewalls by the image charge induced by the positive-ion/ground-wall combination.
The trajectory Of ionic species traversing the near-trench Region II will depend on the potential distribution in that region as well as on the momentum of the incoming ions. Whether or not an ion will strike the sidewall of the trench will also depend on the trench aspect ratio and the position of the entering ion. Determining the ion flux distribution along the walls of an etching trench is of interest since it affects the ion-assisted etch rate distribution. Figure 9 shows a discretized ion flux distribution along the walls of the 5:1 rectangular trench considered in Fig. 8 . Ions were assumed to enter with their velocity vector along the vertical, and parameter tl was set equal to unity. Position 0 corresponds to the mask/film interface and position 5 corresponds to the trench bottom corner. The ion flux is low around position 0 because of the repelling action exercised on positive ions flying close to the edge of the positively Charged mark. Such ions however are attracted by the sidewall deeper in the trench. The result is a local maximum in the ion flux distribution along the sidewall. The ion flux on the floor of the trench, between positions 5 and 6, is higher than on the sidewalls, since entering ions have all their velocity along the vertical and ions flying at a distance from the mask are not deflected sufficiently to strike the sidewall. Figure 10 shows the fraction of ions hitting the sidewall of the trench eonsidered in Fig. 9 , as a function offL For f~ ~< 0.1, less than 10% of the ions strike the sidewall. For even smaller values of f~ (<0.01), the ion motion is not significantly perturbed by the lateral electric field. Essentially all ions will then strike the bottom of the trench as long as the ions enter along the vertical. The percentage of ions striking the sidewall increases monotonically with fL For a given trench aspect ratio, the distribution of ion flux will approach the primary current distribution (19) in the trench as f~ -~ ~. This is because ions have zero momentum in the limit [~ --~ ~, and ions will then follow the electric field lines. Finally, the fraction of ions striking the sidewall is expected to attain a value of nearly 100% as the trench aspect ratio increases indefinitely. Figure 11 shows the shape evolution of a trench under conditions of ion-assisted etching only. The mask potential was assumed to depend quadratically on distance from the mask edge, attaining a maximum value of 0.5 at the right symmetry plane. The etching surface was at ground potential. Parameter f~ was set equal to 1. Although the en- tering ions had no lateral velocity component, the diverging action of the field caused a portion of the ion flux to strike the sidewall, resulting in widening of the trench. The maximum widening seen in Fig. 11 is 40% of the trench mouth half-width. In addition, etch rate decreases with depth for the same reason as in Fig. 6 .
Sidewall etching and diminishing etch rate as a function of depth have important implications in deep trench etching applications. The phenomena are amplified as the trench becomes deeper and as the lateral ion velocity component increases. Under given etching conditions, deep trenches are expected to attain a limiting depth at which further vertical etching would proceed only very slowly. These are potential problems in the fabrication of advanced nanometer scale devices (25) . At long etching times, sidewall "bow" is significant and ions which would otherwise strike the corner sidewall, hit the bottom of the trench. Hence, the portion of the trench floor close to the 9 corner receives comparatively higher ion flux and a slight "trenching" develops as seen in over, if ions were allowed to enter the near-trench region with a lateral velocity component, a fraction of the ions would strike the sidewall further up from the trench floor. The resultant sidewall profile would be a combination of the profiles shown in Fig. 6 and 11.
Summary ond Conclusions
A mathematical model was developed to study the effect of local potential distribution on ion deflection and on the resulting shape evolution of trenches during ion-assisted etching.
A dielectric mask charging model showed that, under conditions typical of RF etching discharges, mask charging can be important when a net current flows to the mask, such as under conditions of applied dc bias, or when operating at low plasma excitation frequency. For a positive mask potential, the resultant potential distribution in the near-trench region was such that ions, which would otherwise strike the mask, could be redirected toward the trench opening. The degree of ion deflection depended on the potential distribution around the trench and on the ion kinetic energy. The degree of trench sidewall bombardment also depended on the trench aspect ratio. The effect of these variables was combined in a dimensionless group ti. Ion deflection and sidewall bombardment became more predominant as the value of ti increased. For positive mask potentials and for values of ti ~< 0.1, less than 10% of the impinging ion flux struck the sidewalls of a rectangular trench. Further, ion-neutral collisions which randomize the ion motion and reduce the ion energy rendered ions more susceptible to deflection. These phenomena resulted in trench sidewall "bowing" as the wall profile evolved during etching, as well as decrease of etch rate with trench depth. The phenomena were amplified as trench aspect ratio increased.
Owing to the complexity of the system, simplifying assumptions had to be invoked which limit the parameter range over which the model is applicable. For example, effects of surface microstructure on the ion trajectory, ion collisions within the trench with outcoming reaction products, ion reflection from the surface, time variation of the surface potential, and surface diffusion were not accounted for in this first-generation attempt. Further, cases of dielectric substrate films and the corresponding potential distribution along the surface of the film, or the case of possible mask erosion, were not examined. Improvements in efficiency of the computer code would allow more detailed investigation of parameter effects on etch profiles.
In addition to ion deflection, other phenomena may be important when etching deep trenches. Such phenomena include redeposition of low volatility products, polymer deposition along the trench sidewalls, and reactant and/or product diffusional limitations in very deep trenches.
Experimental data under well controlled conditions are needed to test the model predictions and to make refinements in underlying hypotheses. A relatively "clean" system (e.g., no polymerization) arid etching conditions for which ion-assisted processes dominate should be used for such experimental work. The C1Jundoped-Si system appears to be a good candidate. Measurement of mask surface potential, and of ion energy and flux under conditions of applied bias or without bias, combined with SEM pictures of etched trench profiles would provide a firm data base against which the model predictions could be compared. More carefully characterized experiments could also be performed in an ion-beam etching apparatus.
